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Abstract
A quantitative study of the neutron environment in the Canfranc Underground
Laboratory has been performed. The analysis is based on a complete set of simu-
lations and, particularly, it is focused on the IGEX-DM dark matter experiment.
The simulations are compared to the IGEX-DM low energy data obtained with
different shielding conditions. The results of the study allow us to conclude, with
respect to the IGEX-DM background, that the main neutron population, coming
from radioactivity from the surrounding rock, is practically eliminated after the
implementation of a suitable neutron shielding. The remaining neutron background
(muon-induced neutrons in the shielding and in the rock) is substantially below the
present background level thanks to the muon veto system. In addition, the present
analysis gives us a further insight on the effect of neutrons in other current and
future experiments at the Canfranc Underground Laboratory. The comparison of
simulations with the body of data available has allowed to set the flux of neutrons
from radioactivity of the Canfranc rock, (3.82 ± 0.44) × 10−6 cm−2 s−1, as well as
the flux of muon-induced neutrons in the rock, (1.73 ± 0.22(stat) ± 0.69(syst)) ×
10−9 cm−2 s−1, or the rate of neutron production by muons in the lead shielding,
(4.8 ± 0.6(stat)± 1.9(syst))× 10−9 cm−3 s−1.
Key words: Underground muons, dark matter, muon flux, neutron background
PACS: 28.20.Gd, 96.40.Tv, 25.30.Mr, 95.35.+d
The search for dark matter is one of the biggest challenges of modern cos-
mology. Last observational data [1,2,3] are compatible with a flat accelerating
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Universe with a matter content of around 30%, where about 25% is dark mat-
ter, mostly in the form of non-baryonic cold dark matter. Even though the
Standard Model (SM) of particle physics does not offer a proper candidate sat-
isfying all the needed requirements, its supersymetric extensions open a new
world of particles. Experiments looking for cold, non-baryonic, weakly inter-
acting, massive neutral particles beyond the SM—generically called WIMPs—
supposedly forming this missing matter of the Universe are obviously of most
relevance for particle physics and cosmology and so the number of such at-
tempts —with a large variety of techniques, detectors and targets— is quite
numerous [4].
In experiments intended for WIMP direct detection, such as IGEX Dark Mat-
ter (IGEX-DM), galactic WIMPs could be detected by means of the nuclear
recoil they would produce when scattered off target nuclei of suitable detectors.
The sensitivity of these experiments has been continuously increasing since the
first searches, more than fifteen years ago, thanks to higher levels of radiop-
urity of detectors, discrimination techniques and a deeper understanding of
the various sources of radioactive background. The study of the background
of these experiments is then a very important activity in their development.
Even though the neutron component of the background has been always a
matter of concern for shallow site experiments [5], in deep underground loca-
tions it used to be by far below the level of the typical gamma background.
More recently, however, the extreme level of radiopurity and the expertise
achieved in low background techniques, as in the case of IGEX [6,7,8], has
reduced the raw background to levels where the neutron contribution can be
of great importance. These facts, together with the recent development of
discrimination techniques to disentangle nuclear recoils produced by particle
dark matter interactions from electron recoils generated by the typical gamma
or beta background [9,10,11,12] have made the neutrons to remain as the real
worrisome background for WIMPs [13,14,15,16]. They can produce nuclear
recoils (< 100 keV) in the detector target nuclei which would mimic WIMP
interactions. Simple kinematics tells that in the case of germanium, neutrons
of 1(5)MeV could elastically scatter off germanium nuclei producing recoils of
energies up to 54(268) keV.
The present work deals with the study of the neutron background in the
underground environment of the Canfranc Underground Laboratory (LSC)
(2450m.w.e., see Fig. 1), and in particular of its fast component with effect on
the IGEX-DM experiment. In Section 1 the IGEX-DM experiment is briefly
described, especially in the aspects relevant to the present analysis, such as,
for instance, the lead and polyethylene shieldings and the active veto system.
The body of data available for this study is also presented. In Section 2, a brief
outline of the simulations performed and their technical details are given. Sec-
tions 3, 4 and 5 present the results from the simulations and their comparison
with experimental data concerning the three relevant neutron populations.
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Fig. 1. Dependence of muon flux with depth, showing the location of the Canfranc
Underground Laboratory with respect to other underground facilities.
The final conclusions are gathered in Section 6.
1 The IGEX Dark Matter Experiment
The IGEX experiment, originally optimized for detecting 76Ge double beta
decay, has been described in detail elsewhere [17]. One of the enriched (86%
in 76Ge) IGEX detectors (named RG-II) of 2.2 kg (2.0 kg active mass) is be-
ing used to look for WIMPs interacting coherently with the germanium nu-
clei. Its full-width at half-maximum (FWHM) energy resolution is 2.37 keV
at the 1333 keV line of 60Co, and the low energy long-term energy resolu-
tion (FWHM) is 1 keV at the 46.5 keV line of 210Pb. The lines of an external
22Na source and the excited X-rays of Pb have been used for periodic energy
calibrations at high and low energies.
We refer to papers [6,7,8] where the latest results of the experiment regarding
dark matter searches are presented and where the aspects related to the ex-
perimental set-up, shielding, data acquisition system, etc. are described. The
threshold of the experiment is 4 keV and the raw background registered in the
region just above the threshold is of a few tenths of counts/(kg day keV), the
lowest raw background (i.e. with no nuclear recoil discrimination mechanism)
ever achieved in this energy range.
Particularly interesting for the purpose of the present work is the shielding
used in the experiment. Leaving more detailed information for the references
previously mentioned, it can be described as follows. The innermost part con-
sists of about 2.5 tons of 2000-year-old archaeological lead (having < 9mBq/kg
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Fig. 2. Sketch of the experimental set-up. Four more vetoes, covering two lateral
sides of the cube, have been removed for better visualization of the figure.
of 210Pb(210Bi), < 0.2mBq/kg of 238U, and < 0.3mBq/kg of 232Th) forming a
cubic block of 60 cm side. The germanium detector is fitted into a precision-
machined chamber made in this central core, which minimizes the empty space
around the detector available to radon. Nitrogen gas, at a rate of 140 l/hour,
evaporating from liquid nitrogen, is forced into the small space left in the de-
tector chamber to create a positive pressure and further minimize radon intru-
sion. The archaeological lead block is surrounded by 20 cm of lead bricks made
from 70-year-old low-activity lead (∼ 10 tons) having ∼ 30Bq/kg of 210Pb. The
whole lead shielding forms a 1m side cube, the detector being surrounded by
not less than 40-45 cm of lead (25 cm of which is archaeological). Two layers
of plastic seal this central assembly against radon intrusion and a 2-mm-thick
cadmium sheet surrounds the ensemble. Specially relevant for the present work
are the cosmic muon vetoes (BC408 plastic scintillators) covering the top and
three sides of the shield. Its effect on the background reduction in the low en-
ergy region will be stressed in Section 3, where the neutrons induced by muons
in the shielding are studied. Finally, an external neutron moderator (made of
polyethylene bricks and borated water tanks) surrounds the whole set-up. Its
thickness has been changed in several occasions, giving rise to independent
sets of data whose differences will be particularly useful in this analysis. See
a sketch of the set-up in Fig. 2.
The body of data to be used in the present work has been divided in four
different sets (A, B, C and D) according basically to the thickness of the outer
neutron moderator wall used in the shielding (0, 20, 40 and 80 cm respectively).
Some parameters concerning each set of data are quoted in Table 1, and the
low energy spectral shapes are plotted in Fig. 3. The sets B and C correspond
mostly to the data already presented in Refs. [6] and [7] respectively with
added statistics. The data sets A and D were taken more recently to complete
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the present analysis. A word of caution must be said concerning the oldest
data set B since there are more differences in the experimental set-up with
respect to the other sets than just the neutron shielding: four Ge detectors were
in the same lead shielding and the outer location of the corresponding four
liquid N2 dewars left two of the shielding sides without moderator. Therefore,
set B will be included in some plots just to have another intermediate situation
between the two extreme cases A and D, but no quantitative conclusion about
neutrons will be drawn from it. In the other three data sets (A, C and D) the
experimental set-up has been exactly the same except for the thickness of the
moderator wall.
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Fig. 3. Low energy region of the measured spectra for each set of data, having a
different thickness of neutron moderator: A, 0 cm; B, 20 cm; C, 40 cm and D, 80 cm.
Table 1
Main features of the data sets A, B, C and D: statistics time, thickness of the neutron
moderator and measured average background level (in anticoincidence with the veto
system) from 4 to 10 keV.
A B C D
thickness of moderator (cm) 0 20 40 80
statistics time (days) 17 118 97 41
background [counts/(kg keVday)] 0.74(6) 0.39(2) 0.22(1) 0.24(2)
The differences of the spectra shown in Fig. 3 appear to be consistent with
the corresponding thicknesses of the neutron moderator wall used. The thicker
the wall, the lower the background, excepting the last step from 40 to 80 cm
which basically does not improve it further. The successive reduction from
the first batch of IGEX-DM data [6] was tentatively interpreted as due to
the disappearance of neutrons after the increase of the neutron moderator
thickness [7]. This interpretation is confirmed in the present work, where a
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general and quantitative study of the effect of neutrons on IGEX-DM has
been performed.
2 General outline of the simulations performed
In deep underground locations neutrons have two possible origins: either they
are produced by natural radioactivity in the material surrounding the detec-
tor or they are induced by muons, the only cosmic component still present
there. The relevant muon-induced neutrons are produced in the last few me-
ters of rock surrounding the laboratory or in the lead shielding itself, the
difference being extremely important, because the latter can be rejected by
the muon veto system while most of the former cannot. Therefore, three dif-
ferent populations of neutrons have been simulated: muon-induced neutrons
in the shielding itself, muon-induced neutrons in the surrounding rock and
neutrons from radioactivity in the rock. The description of the simulation in
each case and the corresponding results will be presented independently in the
following sections.
In underground locations such as the LSC (2450 m.w.e.), where the flux of
cosmic muons has been notably suppressed, the neutrons from radioactivity
in the rock are usually dominant in comparison with the muon-induced neu-
trons [18]. However, because of the energies of the neutrons from radioactivity
(< 10MeV) they can be more easily and effectively shielded than those orig-
inated by muons (whose energies go up to several hundreds of MeV). More
quantitative discussions are left for the following sections.
Neutrons produced by radioactivity in the shielding materials have not been
included in the simulations since, owing to the extreme radiopurity of such ma-
terials, its contribution has been estimated to stand three orders of magnitude
below the present level of background.
Two different kinds of simulations have been performed. The first one is
that of the transport and interaction of the different populations of neutrons
through the IGEX geometry. These simulations have been performed with the
GEANT4 code [19] using the high precision neutron data library G4NDL3.5.
The incoming neutrons have been launched isotropically and uniformly, either
from the outer surface of the shielding in the case of neutrons from the rock
or from the whole lead volume in the case of neutrons induced in the shield-
ing. Spectral samplings are described and justified later. The spectra shown
as a result of these simulations correspond always to the energy depositions of
the neutrons in the active volume of the germanium detector (nuclear recoils)
corrected for a quenching factor of 0.25 in Ge, so that they can be directly
compared with the experimental data shown always in electron-equivalent en-
6
ergy. On the other hand, some complementary simulations to study the neu-
tron production by muons in several generic situations have been performed
with the FLUKA code [20], of proven reliability when hadronic processes are
involved. These simulations provide the neutron spectrum exiting a layer of
material when a known flux of muons traverses it, as well as the total neutron
yield. We note that in our simulation results we will not consider systematic
errors coming from the specific implementation of physical processes by these
Monte Carlo codes.
3 Muon-induced neutrons in the shielding
The production of neutrons by muons interacting in matter is not a simple
subject, many different processes coming into play. The total neutron flux and
spectral shape depend on the target material as well as on the muon energy,
and therefore on the depth. Following the practical approach of Refs. [16,21]
we distinguish two different sets of muon-induced neutrons, according to their
typical energies: high energy (HE) neutrons going up to several hundreds of
MeV which are produced basically by hadron showers originated by the muons,
and medium energy (ME) going up only to 20-30MeV, produced by photonu-
clear reactions related to electromagnetic showers, capture of slow muons (of
very little importance at deep places), elastic interaction of muons with neu-
trons inside nuclei and secondary neutrons produced after one of the previous
processes. Even though neutrons are produced in any shielding material we
will focus on those originated in lead owing to its higher neutron yield and
to its closeness to the detector. In order to determine their spectral shape we
have simulated with the FLUKA code the outcome of muons passing through
lead. The energy spectrum of muons corresponding to the 2.5 km.w.e. depth
of the LSC has been sampled following Ref. [22].
Fig. 4. Energy spectrum of muon-induced neutrons in lead according to the FLUKA
simulation (squares) compared to the analytical approximations used for ME and
HE (solid lines).
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In Fig. 4 the result of such simulation for 1 cm of lead is shown for both ME and
HE populations. Such a small thickness avoids the production of secondary
neutrons and spectral deformations due to neutron transport through the lead
slab. The obtained spectra, which are therefore the production spectra for
primary neutrons, turns out to be in satisfactory agreement with the analytical
approximation proposed in [5] for ME neutrons in lead,
dN
dE
=


0.812E5/11 exp(−E/1.22) for E < 4.5MeV
0.018 exp(−E/9) for E > 4.5MeV
(1)
and, in the case of HE neutrons, with the analytical formula
dN
dE
=


6.05 exp(−E/77) for E < 200MeV
exp(−E/250) for E > 200MeV
(2)
which was originally proposed in [16,21] for describing the HE neutron spec-
trum in rock. In these formulas E is the emitted neutron energy (in MeV).
This simulation underestimates the total neutron yield since showers, main
sources of secondary neutrons, do not develop in 1 cm of lead. The neutron
yield obtained after 1 cm of lead, 8.8×10−5 (g/cm2)−1 per muon, including only
primary neutrons, agrees with the numbers presented in [14,15] for neutrons
produced in inelastic processes. The total neutron yield including also sec-
ondary neutrons can be estimated by a second simulation with a thicker lead
layer (35 cm). The obtained number, 1.7×10−3 (g/cm2)−1 neutrons per muon,
is pretty close to the value estimated in [13] for the total neutron yield. There-
fore, secondary neutrons coming from showers dominate the muon-induced
neutron population. These secondary neutrons follow mainly the evaporative
spectrum described by Eq. (1) while primary spallation neutrons can be sam-
pled by Eq. (2).
Simulations of neutrons isotropically distributed in the full lead volume of the
IGEX geometry with spectra given by Eqs. (1) and (2) were performed using
GEANT4. The resulting spectra at the detector turn out to be essentially
independent of the relative weight of ME neutrons and HE neutrons, and is
shown in Fig. 5. The difference between the energy distributions produced
using these two spectra (HE and ME) is small enough to make the relative
abundance of HE and ME neutrons in the input spectrum not crucial for our
purposes.
Let us compare now these neutron simulations with experimental data. As
stated before, background events coming from muon-induced neutrons in the
shielding can be rejected by the muon veto system. The rejected events are
those appearing in the experimental coincidence spectrum between detec-
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Fig. 5. Comparison of the measured spectrum of vetoed events (labelled exp) with
the simulated spectra of electron-equivalent energy deposited in the detector by
muon-induced neutrons in lead, assuming the HE spectrum, the ME spectrum and
a weighted combination (50% ME, 50% HE).
tor and vetoes. This can be compared with the simulation results to get
the normalization of muon-induced neutrons in the IGEX shielding, assum-
ing that no other kind of events different from muon-induced neutrons are
present in the coincidence spectrum. We have checked that random coinci-
dences and events produced by direct interaction of muons in the detector are
at least 2 orders of magnitude below the total rate of the coincidence spectrum
[0.16 counts/(keVkg day) in 4-10 keV], so that it can be safely compared with
the simulation. This experimental spectrum is independent of the thickness
of the polyethylene wall. In Fig. 5, the normalization of the spectrum pro-
duced by the simulation has been adjusted to fit the experimental data. From
that fit the neutron production by muons in the IGEX lead can be deduced
to be (4.8 ± 0.6(stat) ± 1.9(syst)) × 10−9 cm−3 s−1. The systematic error ac-
counts only for the unknown fraction of HE and ME neutrons and it has been
estimated by calculating the neutron production in the extremal cases of all
neutrons having either the HE or the ME spectrum. Taking into consideration
the effect of the evaluated rates of vetoed events which do not correspond to
neutrons, the corresponding error is estimated to be of 0.4%; this systematic
error is negligible with respect to that due to the unkown fraction of HE and
ME neutrons. Using the total neutron yield previously obtained by the muon
simulation together with the estimated neutron production, the total muon
flux crossing the shielding can be estimated and the known errors propagated,
giving (2.47± 0.31(stat)± 0.98(syst))× 10−7 cm−2 s−1.
The obtained muon flux is of the expected order of magnitude at 2450m.w.e.,
and in fact it is in perfect agreement with previous scintillator measurements
at the LSC site, which gave a flux of 2× 10−7 cm−2 s−1 [7], therefore showing
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the reliability of our numerical simulations.
It is worth noting that the contribution of the muon-induced neutrons gener-
ated in the shielding to the background levels is not negligible, but thanks to
the veto system it is significantly reduced. The veto counting rate, shown in
Fig. 5, in the low energy region (4-10 keV) in IGEX-DM is 0.16 counts/(keV
kg day). For a veto efficiency ǫ, such a rate would imply a background con-
tribution of 0.16 × (1 − ǫ)/ǫ counts/(keV kg day). The efficiency of the veto
system is estimated to be well above 92% so that the contribution of these
neutrons is less than 1.3× 10−2 counts/(keV kg day). This value is more than
one order of magnitude lower than the present background level, but it might
become an important contribution in future experiments. GEDEON (GErma-
nium DEtectors in ONe cryostat) is a new project on WIMP detection using
larger masses of germanium of natural isotopic abundance [4]. It will use the
technology developed for the IGEX experiment and consist of a set of ∼ 1 kg
germanium crystals (total mass of about 28 kg), placed together in a compact
structure inside one only cryostat. This approach could benefit from the anti-
coincidence between the crystals and a lower components/detector mass ratio
to further reduce the background with respect to IGEX. In this project a more
efficient veto system should be designed to minimize the contribution of the
neutrons induced by muons in the shielding.
4 Muon-induced neutrons in the surrounding rock
Neutrons produced by muons in the last few meters of the underground labo-
ratory rock are much less abundant that neutrons coming from radioactivity.
However, they could be relevant because of their much higher energies. In ad-
dition, most of the muon-induced neutrons in the rock are not detected by the
veto system and become as important as neutrons induced in the shielding
itself, even though these are produced much closer to the detector. Follow-
ing similar steps to those of the previous section, we have first studied the
neutron outcome after the muons have traversed the overburden rock. We
have performed a FLUKA simulation with a muon spectrum corresponding to
2450m.w.e. traversing a layer of rock thick enough (10 meters) since neutrons
produced farther inside the rock would never reach laboratory walls. The total
neutron yield is 4.6×10−4 (g/cm2)−1 per muon, compatible with values shown
in other references [14,15,23].
The relevant parameter we are interested in is, however, the outgoing neutron
outcome. In Fig. 6 we represent both outgoing neutrons populations, HE and
ME. We will no longer be concerned about ME neutrons (0.01 neutrons per
muon) since, like those more abundant coming from radioactivity, they are
easily shielded as we will show in the next section. Therefore we will just
10
Fig. 6. Energy spectrum of outgoing muon-induced neutrons in rock according to
the FLUKA simulation (squares).
focus on HE (> 20MeV) outgoing neutrons whose yield results in a lower value
of 0.007 neutrons per muon. This allows to compute the total muon-induced
neutron flux coming out of the rock using the muon flux of the previous section.
The estimated result is (1.73± 0.22(stat)± 0.69(syst))× 10−9 cm−2 s−1.
High-energy neutrons with the spectral shape of Fig. 6 [which follows the an-
alytical form of Eq. (2)] have been launched from the outer shielding surface
for the different thicknesses of moderator of sets A–D to simulate their trans-
portation and interaction through the IGEX geometry. The results of these
simulations are shown in Fig. 7 and the integrated values in Table 2.
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Fig. 7. Energy spectra deposited in the detector by muon-induced neutrons in rock
at a depth of 2450 m.w.e.: simulation for the different set-ups. Fits to exponential
curves have been drawn to guide the eye.
It is interesting to see that the contribution is maximum for the intermediate
value of 20 cm of neutron moderator, decreasing for thicker walls or in the
case of total absence of polyethylene: very energetic neutrons (with some hun-
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Table 2
Simulated background rates in IGEX-DM for the energy region from 4 to 10 keV
due to µ-induced neutrons in the rock for the different set-ups for a neutron flux of
1.73 × 10−9 cm−2 s−1. Only statistical errors are quoted.
counts/(keV kg day)
A 0.00041(1)
B 0.00124(4)
C 0.00091(4)
D 0.00061(3)
dreds of MeV), which produce nuclear recoils corresponding mostly to energies
higher than our range of interest in the absence of moderator walls, can be
slowed down in the presence of the polyethylene shielding, inducing in this
way nuclear recoils in the low-energy region. In any case, the contribution of
these neutrons to the IGEX-DM background is much lower than the present
background level.
5 Neutrons from radioactivity in the surrounding rock
Neutrons can be produced in the rock by spontaneous fission of uranium and
(α, n) reactions. The intensity of the corresponding outgoing neutron flux is
therefore dependent on the kind of rock. In fact, several estimates of this flux in
deep underground locations give values in a range from 10−6 to 10−5 cm−2 s−1
[13,16,18,24,25,26,27,28,29,30]. To sample the incident energies of fission neu-
trons a typical fission spectrum has been used (energy E is expressed in MeV):
dN
dE
∝ E1/2 exp(−E/1.29) (3)
while the spectral sampling for neutrons from (α, n) reactions is performed
following the calculated spectrum shown in Fig. 11 of Ref. [27], deduced for
the Modane Laboratory. These spectra can be used to sample the incident
energies since the spectrum does not suffer any significant deformation after
the neutrons have traversed several meters of rock. Although the neutron
spectrum coming from (α, n) processes is expected to be dependent on the type
of rock (see Ref. [24] for an spectrum obtained at the Gran Sasso Laboratory),
the recoil spectrum at the detector will turn out to be little sensitive to the
exact form of the input neutron spectrum (see Table 3 and Fig. 8).
The transport of this neutron flux produced by fission or (α, n) reactions has
been simulated in the IGEX geometries corresponding to the experimental
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sets A, B and C (0, 20 and 40 cm of neutron moderator in the outer part
of the shielding). The integrated rate seen by the Ge detector in the energy
region from 4 to 10 keV for each case is listed in Table 3.
Table 3
Relative importance of neutrons coming from the radioactivity of the rock: calcu-
lated background rates for the different set-ups [expressed in counts/(keV kg day)]
in the energy region from 4 to 10 keV assuming, either that all of them have a fission
spectrum (second column), or that they come from (α, n) reactions (third column).
A normalization of the input neutron flux of 3.82×10−6 cm−2 s−1 has been assumed
(see text).
cm of moderator fission (α, n) reactions
A 0 6× 10−1 6× 10−1
B 20 5× 10−3 1× 10−2
C 40 ∼ 8× 10−5 ∼ 1× 10−4
Monte Carlo simulations of the propagation of neutrons through typical shield-
ings show that 90% of neutrons of 1MeV (5MeV) moderate down to E <
0.1 eV after 12 cm (22 cm) of polyethylene, and, in a shielding of 40 cm of
polyethylene, 99.7% of neutrons of 5MeV are moderated down to 0.1 eV (and
practically all neutrons of 1MeV). For neutrons of higher energies the frac-
tion which is moderated down to E < 0.1 eV after, say, 40 cm of water is
∼ 92% (for neutrons of 10MeV), ∼ 83% (for neutrons of 25MeV) and ∼ 50%
(for neutrons of 50MeV). Therefore one can assume that, given the energies
of neutrons coming from radioactivity, 40 cm of polyethylene (or water) are
enough to moderate their whole population. This is indeed what Table 3 shows:
with 40 cm of moderator the neutron events are reduced by 3 or 4 orders of
magnitude.
This fact can be used to find out the normalization of the input neutron flux.
The simulation in case A (no moderator) can be directly compared with the
spectrum obtained by subtraction of the experimental spectra C (40 cm of
moderator) from A, under the assumption that the 40 cm polyethylene stops
only neutrons coming from radioactivity. This is not strictly true, but it is a
reasonable assumption taking into account the different magnitude of the flux
of neutrons from radioactivity and the muon-induced neutron flux, as seen
in the previous sections. In Fig. 8 the difference between the experimentally
obtained spectra C and A is plotted together with the simulated fission and
(α, n) neutron spectra, all three curves showing a remarkable agreement in
their spectral shapes. The normalization of the simulation is fixed by minimiz-
ing the difference between simulated and experimental spectra, and it turns
to be virtually the same for neutrons coming from fission or (α, n). The fast
neutron flux from radioactivity in the Canfranc rock is then deduced to be
13
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Fig. 8. Comparison of the simulated spectra of electron-equivalent energy deposited
in the detector due to fission and (α, n) processes in the rock assuming no neutron
moderator shielding (labelled sim. fission and sim. (alpha-n) respectively) with the
difference between measured spectra for sets A and C (labelled exp).
(3.82± 0.44)× 10−6 cm−2 s−1 which is within the expected range. Only statis-
tical errors are quoted; the difference in the estimated flux when considering
that all the neutrons have either the fission spectrum or that corresponding to
(α, n) processes is less than 2%. The error due to the presence of muon-induced
neutrons in the rock is estimated to be 0.04%, taking into consideration the
simulated contribution of these neutrons to the counting rate of the exper-
iment. We observe in Table 3 that for sets B and C, having 20 and 40 cm
of neutron moderator, the contribution of (α, n) reaction neutrons is slightly
higher than that of fission neutrons assuming the same flux for both.
As a conclusion for the understanding of the IGEX-DM background, it seems
clear that this neutron flux is shielded by 40 cm of neutron moderator at our
present level of sensitivity. In fact the neutron flux is almost eliminated with
just 20 cm of moderator. This agrees with the experimental background shown
in Table 1 for the set-up B where there was a lack of two moderator walls owing
to the presence of dewars.
6 Conclusions
A complete quantitative study of the neutron environment in the LSC has
been performed. The analysis is focused on the IGEX Dark Matter experiment,
whose low energy raw background (with no nuclear recoil discrimination) is the
lowest ever achieved. The study has consisted in a set of simulations compared
with several sets of experimental data taken with the IGEX detector in dif-
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ferent conditions of neutron shielding. In decreasing order of importance, the
neutron populations studied, whose estimated fluxes are summarized in Table
4, are: neutrons coming from radioactivity in the laboratory rock, neutrons
induced by muons in the lead shielding, and neutrons induced by muons in
the laboratory rock. Neutrons produced by radioactivity in the lead shielding
have been excluded from the analysis since they are negligible at the present
level of background of IGEX-DM.
For neutrons produced by the interaction of muons in the lead of the shield-
ing, the results of the simulations have been compared with the experimen-
tal spectrum obtained in coincidence with the vetoes, which has allowed
to set the rate of production of these neutrons in lead at the LSC depth
at (4.8 ± 0.6(stat) ± 1.9(syst)) × 10−9 cm−3 s−1 leading to a muon flux of
(2.47± 0.31(stat)± 0.98(syst))× 10−7 cm−2 s−1. This number is in the range
of the expected muon flux at that depth, and is in perfect agreement with
previous measurements at the Canfranc site giving a flux of 2×10−7 cm−2 s−1.
The effect of these neutrons in the experimental data is small thanks to the
muon veto system used [otherwise, this kind of events would contribute to
0.16 counts/(keVkg day) in the 4-10 keV region]. Improvements in the effi-
ciency of the muon veto system might be necessary to reduce the effect of
these neutrons in more sensitive experiments.
Regarding the neutrons coming from radioactivity in the rock, the simulations
have been compared with experimental data taken with different thicknesses
of neutron moderator, which has allowed us to set the flux of this kind of
neutrons to (3.82± 0.44)× 10−6 cm−2 s−1. We have concluded that the recent
improvement reported in our article [7] is compatible with the complete rejec-
tion of this kind of neutrons that previously (in [6]) accounted up to 50% of
the low energy data. With 40 cm of neutron moderator, these neutrons should
contribute to the experimental data in less than 10−4 counts/(keVkg day).
Finally, with respect to the muon-induced neutrons in the rock, they have been
simulated consistently with the previous information. From the incoming flux
of muons, a flux of high energy neutrons going out of the rock of (1.73 ±
0.22(stat) ± 0.69(syst))× 10−9 cm−2 s−1 is obtained, which finally contribute
up to 10−4 counts/(keVkg day) to the IGEX-DM background, a number much
below the present experimental level.
Briefly, the neutrons can be rejected as responsible for the low energy events
that populate the last IGEX-DM data below ∼ 20 keV substantially over the
expectations (see [7]) and whose identification was partially the motivation of
the present work. The information gathered by the present analysis will be
also extremely useful in the design of future experiments in the LSC.
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Table 4
Results for the estimates of the fluxes of different neutron populations reaching the
IGEX-DM experimental setup in the LSC.
neutrons from radioactivity of the rock (3.82 ± 0.44) × 10−6 cm−2 s−1
muon-induced neutrons in the rock (1.73 ± 0.22(stat) ± 0.69(syst)) × 10−9 cm−2 s−1
muon-induced neutrons in the shielding lead (4.8± 0.6(stat) ± 1.9(syst)) × 10−9 cm−3 s−1
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